A cardiac catabolic factor (CCF) has been partially purified from serum-free medium conditioned by minced porcine heart valves. CCF was prepared by a series of chromatographic techniques and compared directly with porcine synovial catabolin purified by the same protocol. CCF displayed a somewhat higher molecular weight (Mr 21,000) and isoelectric point (pi 5.2) than did synovial catabolin (Mr 18,000 and pi 4.8), but the two factors clearly resemble one another closely. CCF stimulated the release of glycosaminoglycans from cultured cartilage and mitral valve and provoked porcine valves to degrade their own collagen extracellular matrix. The release of hydroxyproline was inhibited by corticosteroids, whereas proteoglycan breakdown was not. Partially pure preparations of CCF and synovial catabolin stimulated murine thymocyte proliferation; moreover, that activity was almost totally abolished by an antibody raised against pure porcine interleukin-1. These observations suggest that CCF may represent a catabolic factor that belongs to the interleukin-1 family and that it could potentially regulate the composition of valvular connective tissue. (Circulation Research 1986; 59:329-341)
nective tissue components in normal as well as pathological situations. 2 " 5 Culture medium "conditioned" by synovial explants was discovered to secrete this catabolic factor 6 and a small, acidic protein was partially purified from synovial medium which, when added to cultured cartilage, stimulated the chrondrocytes to resorb their matrix. 67 This protein, termed catabolin, was also secreted into tissue culture medium by bovine sclera, 8 human synovium, peripheral blood mononuclear cells, 9 and fibroblasts 10 and has recently been purified to homogeneity from porcine leukocytes." Catabolin has been implicated as a possible mediator of cartilage destruction in chronic inflammatory diseases such as rheumatoid arthritis. 1213 Recently, we discovered that porcine and human mitral valves, cultured in serum-free medium, also secreted a catabolic factor with properties similar to catabolin. ~ In the present investigation we have attempted to purify and compare the properties of the cardiac catabolic factor (CCF) and synovial catabolin to establish their relation with one another and to other similar factors.
Materials and Methods

Tissue Culture
Porcine heart valves were dissected and cultured as previously described. 15 The synovial tissue lining of the metacarpophalangeal joints of young pigs was minced and cultured at a concentration of 4 g/100 ml following established procedures. 8 Bioassays for Catabolic Activity PROTEOGLYCAN DEGRADATION. Details of this bioassay appear elsewhere. 15 In these experiments, one unit of catabolic activity is defined as that amount which promotes a threefold release of chondroitin sulfate (ChSOJ over background levels over a 5-day culture period and is a modification of the arbitrary unit of catabolin activity described by Saklatvala." A modification of the spectrophotometric assay for glycosaminoglycans 18 was developed to cope with the reduced quantities present in heart valve discs. Each assay consisted of 0.1-5 fi \ of fresh medium or digest that was added to 250 /xl of 1,9-dimethyl-methylene blue dye dissolved in formate buffer, pH 3.5. The change in absorbsance at 535 nm was measured immediately in microcuvettes, and the assay was sensitive to changes in the level of ChSO 4 in the range of 100-500 ng/ml of medium. COLLAGEN DEGRADATION. The degradation of collagen was monitored in valve cultures by measuring the release of hydroxyproline into the medium in response to the catabolic factors. Test media were hydrolyzed in 6 N HC1 at 105°C for 20 hours, and hydroxyproline was measured as described previously. l4 The degradation of proteoglycan and collagen in valve cultures was expressed as micrograms of ChSO 4 or hydroxyproline released per milligram wet weight of valvular tissue ± SEM or protein. 19 Each experiment was conducted in triplicate.
Fractionation of Conditioned Media
DE52 ION-EXCHANGE CHROMATOGRAPHY. Since ammonium sulfate fractionation of synovial medium resulted in a rather poor recovery of catabolic activity, 8 4 1 of porcine valve-or synovial-conditioned medium was pooled and diluted tenfold with distilled water and the pH was adjusted to 8.2. A slurry of DEAE cellulose (DE52, Pharmacia, Piscataway, N.J.) previously equilibrated with 20 mM glycine-HCl buffer was added to the diluted medium and stirred for 20 minutes at room temperature (21°C). After allowing the resin to settle, the supernatant was decanted, a column was poured and then eluted in a stepwise fashion with 0.13 M and 0.5 M buffered NaCl. Fractions collected were dialyzed against Dulbecco's Modified Eagles Medium (DMEM) and assayed on bovine nasal discs to estimate the release of glycosaminoglycans as previously described. 141318 AcA54 GEL CHROMATOGRAPHY. DE52 fractions displaying proteoglycan degrading activity were pooled, concentrated over a Amicon PM-10 filter to a volume of 3 ml, and applied to an Ultrogel AcA54 column (1.5 cm X 90 cm) (LKB, Paramus, N.J.). The column was eluted at 4°C with PBS at a flow rate of 10 ml/hour and fractions (5 ml) were monitored for protein (A^) and 50 or 100 /i.1 aliquots were assayed for catabolic activity. The column was calibrated with the following markers: Blue Dextran, bovine serum albumin (Mr = 68,000), carbonic anhydrase (Mr = 29,000), soyabean trypsin inhibitor (Mr = 21,500), myoglobin (Mr = 17,000), cytochrome C (Mr = 12,500), and aprotinin (Mr = 6,200).
CHROMATOFOCUSING. The active fractions derived from molecular sieving were concentrated to a volume of 30 ml, dialyzed against 25 mM histidine buffer (pH 6.2), applied to a column (1.5 x 30 cm) of PBE 94 exchanger (LKB, Paramus, N.J.), and eluted at 4°C with polybuffer 74 (pH4.0, LKB, Paramus, N.J.) over a pH range of 4-7." Six milliliter fractions were collected and assayed for catabolic activity. HYDROXYAPATTTE CHROMATOGRAPHY. Active fractions collected from chromatofocusing were neutralized and pumped onto a small column (0.5 x 1.0 cm) of hydroxyapatite (Bio-Rad, Rockville Center, N.Y.). The column was then washed thoroughly with distilled water until the A^ was zero and was then eluted with 150 mM phosphate buffer (pH 7.0). Fractions were again assayed for their proteoglycan degrading activity by measuring ChSO 4 release from bovine nasal cartilage.
ISOELECTRIC FOCUSING. Active samples were isoelectrically focused in triplicate in 7.5% polyacrylamide disc gels containing 1 % ampholines prepared in a pH range of 4-7. One gel was sliced and eluted with distilled water, and the pH was determined. Another gel was sliced and the slices macerated in 1 ml of DMEM and dialyzed twice against a large volume of DMEM. The final dialysate was then assayed for proteoglycan breakdown on bovine nasal cartilage. The last gel was stained with silver. SODIUM DODECYL SULFATE-POLYACRYLAMIDE GEL ELECTROPHORESIS (SDS/PAGE). Samples containing high levels of catabolic activity obtained from either chromatofocusing or hydroxyapatite chromatography were separated on a SDS-PAGE 7.5-17% lineargradient gel. Samples were boiled for 5 minutes in buffer containing 1% SDS and 0.5% 2-mercaptoethanol prior to electrophoresis. Some lanes were stained with silver while others were sliced, dialyzed against 20% propanol (v/v) in PBS, followed by PBS, and finally against DMEM before an assay of catabolic activity was conducted as outlined above.
Thymocyte Proliferation Assay
Thymocyte suspensions were prepared according to the protocol of Mizel. 20 Freshly isolated thymocytes that were obtained from female C3H/HeJ mice were cultured at a concentration of 1 X 10* cells in microtiter wells in 200 /xl of RPMI 1640 medium (Gibco, Grand Island, N.Y.) containing 5% (v/v) fetal calf serum (Dutchland, Inc.) supplemented with 2.5 £ig/ml concanavalin A, 10~5 M 2-mercaptoethanol (Calbiochem, La Jolla, Calif.), 50 pig/ml gentamicin (Gibco), and serial dilutions of chromatofocused CCF or synovial catabolin. After 72 hours the cultures were pulsed with 0.5 /iCi of [ 3 H]-thymidine (2 Ci/mmol; New England Nuclear, Boston, Mass.) for 20 hours. The cells were then harvested, washed in Hank's balanced salt solution, and counted in a liquid scintillation spectrometer. 20 Ten units of CCF or catabolin were preincubated for 18 hours with either a 1:200 dilution, of polyclonal antiserum raised against the acidic (pH 5.0) form of porcine interleukin 1 or nonimmune rabbit serum in RPMI media. Freshly prepared thymocytes were add- *One unit of catabolic activity represents a threefold increase in the release of glycosaminoglycans from bovine nasal cartilage discs when compared to the release of proteoglycans from unstimulated discs cultured in DMEM plus fetal calf serum. Fractions were collected at each step of the purification protocol and stored at -20° C until all the media had been processed. Recovery and purification factors were based on assays conducted on cartilage discs prepared from the same bovine nose. 8 > l6 All bioassays of proteoglycan degradation were conducted in the presence of hydrocortisone succinate (0.1 Mg/ml) to suppress the endogeneous release of glycosaminoglycans from bovine nasal discs. t% yield is based on the amount of catabolic activity within the starting culture medium and that measured at each stage of purification, i.e., % yield = catabolic activity at each stage H-catabolic activity in the starting culture medium. Horizontal bar indicates the fractions pooled for gel chromatography. Fraction Number ed and DNA synthesis was measured as outlined above.
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Results
Conditioned valvular and synovial media were processed in tandem so that the behavior and properties of the catabolic factors could be compared more favorably. When catabolic activity of unfractionated media was assessed by measuring the release of glycosaminoglycans from bovine nasal cartilage, porcine valves produced 3.6 u/ml and synovium released 10.8 u/ml of conditioned media, i.e., the starting material for the purification of the factors contained 14,400 and 43,160 units of catabolic activity, respectively ( Table  1 ). If catabolic activity is normalized to tissue wet weight, then synovium produced approximately 7.5fold more catabolic activity than did porcine heart valves. Synovium secreted about 270 u/g wet wt. while heart valves produced only 36 u/g wet wt.
Four-liter batches of media were then chromatographed in DEAE cellulose (DE 52) and eluted from the resin with salt in a two-step fashion previously described by Saklatvala. 8 All the catabolic activity derived from both preparations could be washed off the column with buffered 0.13 M NaCl (Figure 1) ; as reported previously, no further activity could be eluted with higher salt (0.5 M). 8 Recovery of catabolic activity ranged between 44 and 54%, but less than 30% of the original protein was recovered with that activity (Table 1) . This material was then concentrated over an Amicon PM-10 filter to a volume of 3 ml, applied to an Ultrogel Ac A 54 column, and eluted in the cold with phosphate buffered saline, pH 7.4. In comparing the behavior of the two factors, equal amounts of catabolic activity (7000 u) were loaded successively onto the same AcA54 column and eluted. In each instance, a single sharply defined peak of catabolic activity was resolved. Synovial catabolin appeared at a position corresponding to a molecular weight of 16,000-18,000 daltons, whereas CCF eluted as a slightly larger molecule with a molecular weight of 20,000-22,000 daltons (Figure 2A and B) . Recovery of catabolic activity approached 70-80% of that loaded on the column in both instances ( Table 1) .
The active fractions from each AcA54 run (20-30 ml) were pooled and dialyzed against 25 mM histidine, pH 6.2, before being applied to a Polybuffer PBE 94 exchanger (1.5 x 30 cm). The column was first equilibrated with histidine buffer and then eluted with Polybuffer 74 adjusted to pH 4.0. When synovial catabolin was chromatofocused, a sharp peak of catabolic activity was eluted from the column between pH 4.7 and 5.0 ( Figure 3A) . In contrast, CCF eluted from the column between pHs of 5.0 and 5.4 with a somewhat broader peak of activity ( Figure 3B ). Approximately 40-50% of the applied catabolic activity was recov- tionation of CCF activity obtained from chromatofocusing. Active fractions between pH 5.25 and 4.75 were pooled, neutralized, and pumped on to a small column of hydroxyapatite. The column was thoroughly washed with water until the A 2 S0 was zero and was then eluted with 150 mM phosphate buffer, pH 7.0 (V). A single highly active peak of CCF activity was promptly washed from the column. Fractions were assayed on bovine nasal discs for glycosaminoglycan release at concentration 5 /jJ/ml. Fractions under the horizontal bar were saved for isoelectric focusing. Fraction Number 30 35 ered following chromatofocusing of both factors, while the protein content of the active fractions was reduced some 20-fold (Table 1) . The fractions containing proteoglycan degrading activity were neutralized and pumped onto a small column of hydroxyapatite (1 x 0.5 cm) previously equilibrated with distilled water until the A^ of the eluate read zero. The column was then eluted with 150 mM phosphate buffer, pH 7.0, and catabolic activity derived from either heart valves or synovium (data not presented) was collected from the column in a single sharply defined peak (Figure 4 ). Recovery of catabolic activity approached 50% and the specific activity of catabolin and CCF increased some three-to fivefold, respectively ( Table 1 ). When equal amounts of catabolic activity from both preparations (250 u) were mixed and rechromatographed on a AcA54 column, a rather broad peak of catabolic activity was eluted from the column in the range of 16,000-22,000 daltons, suggesting again that the two factors displayed somewhat different molecular weights. The remaining material derived from the hydroxyapatite column was then isoelectrically focused on 7.5% polyacrylamide gels. Although protein recovery was poor and considerable amount of catabolic activity was lost (Table 1) , the specific activity of CCF more than doubled as it was focused at pH 5.2 and that of catabolin increased nearly fourfold as it was focused at pH 4.8 ( Figure 5 ). The present scheme enriched synovial catabolin activity nearly 1000-fold and CCF activity some 1400-fold over that observed in their respective original conditioned media (Table 1) . After chromatofocusing CCF, the active fractions were concentrated, dialyzed, and applied to a linear 7.5-17% SDS-PAGE gel, electrophoresed, and stained with silver. Although several polypeptides were obtained that exhibited an isoelectric point of 5.2, only one band displayed catabolic activity, and its molecular weight was approximately 21,000 daltons ( Figure 6 ). When the activity retrieved from that fraction was re-electrophoresed in the same gel system, a single weakly stained band at 21kD displayed catabolic activity (Figure 7) .
A comparison of the behavior of the partially purified CCF with that catabolic activity present in the starting culture medium revealed that no major changes in the properties of CCF accompanied its fractionation. Dose-response curves prepared with either cartilage discs or 8-mm mitral valve explants indicated no major difference in the capabilities of crude or "pure" CCF to induce the release of glycosaminogly- Gel Slice Number Slice Number I (K FIGURE 6 . SDS/pofyacrylamide gel electrophoresis of those fractions containing CCF activity obtained after chromatofocusing on a PBE94 exchange column. The major peak was dialyzed against DMEM and then run on a 7.5-1 7% linear slab gel. One lane was stained with silver while the others were sliced and extracted for proteoglycan degrading activity. A single peak ofcatabolic activity was detected at an apparent Mr = 21,000 daltons and this appeared to be associated with a single polypeptide on gels. Standards (f) included carbonic anhydase (Mr = 29,000), soyabean trypsin inhibitor (Mr = 21,500), myoglobin (Mr = 17,000), and cytochrome C (Mr = 12,500).
can from cartilage or hydroxyproline from the valve explants ( Figure 8A and B) . Lastly, pharmacological intervention with glucocorticoids failed to reveal any significant differences in the properties of crude or partially purified CCF. Hydrocortisone (1 /Ag/ml) markedly inhibited the degradation of valvular collagen stimulated by either crude valve medium or purified CCF, whereas the nonsteroidal anti-inflammatory agent benoxaprofen failed to suppress the release of hydroxyproline from explanted valves (Figure 9 ). The present observations suggested that fractionation of CCF does not alter its biologic properties as they are monitored with the present bioassays.
Since the behavior of CCF, its molecular weight and isoelectric point closely resembled that of the acidic component of porcine interleukin-I, 172122 "purified" CCF was tested for its ability to stimulate murine thymocyte proliferation in the presence of Concanavalin A. The results of such an experiment are documented in Figure 10 and illustrate that equal amounts of either CCF or synovial catabolin activity provoked identical proliferative responses from mitogen stimulated thymocytes. Both factors stimulated DNA synthesis some 20-fold over untreated controls. Moreover, if proliferative index was plotted against glycosaminoglycan release, it was evident that catabolic activity was an order of magnitude more sensitive to CCF or synovial catabolin than was thymocyte proliferation ( Figure  10 ). Lastly, polyclonal antibodies prepared against the acidic form of porcine interleukin-1 22 totally abolished both thymocyteproliferation ( Table 2 ) and cartilage matrix degradation mediated by either partially purified CCF or synovial catabolin. 15
Discussion
The fractionation protocol employed in this investigation to purify and compare CCF and synovial catabolin reinforce our previous convictions that these Slice Number   FIGURE 7 . SDSIpolyacrylamide electrophoresis of CCF obtained from chromatofocused material that had previously been electrophoresed on a 7.5-17% gradient gel. Ten units of catabolic activity were applied to an identical gel system and electrophoresed. A single faintly stained band with a molecular weight of about 21,000 daltons displayed proteoglycan degrading activity when assayed on bovine nasal discs for 56 hours. Each value represents the mean glycosaminoglycan release ± SEM for 5 assays. Standards are the same as those in Figure 6 . catabolic factors are similar. 1<~16 The purification of the activities in tandem from conditioned culture medium revealed similar increases in the specific activity and yield of the respective catabolic factors as fractionation progressed (Table 1) . Even though the isolation of CCF is not yet complete, dose-response curves calculated from material obtained from isoelectric gels suggest that CCF is active in a picomolar range. Assuming that the molecular weight of CCF is approximately 21,000 daltons ( Figures 6 and 7 ) , then media supplemented with 10" l0 M CCF would liberate one unit of catabolic activity when assayed on bovine nasal discs. This value is similar to the one recently reported by Saklatvala et al" for pure pig leukocyte catabolin, which displayed a similar molecular weight and isoelectric point. The only notable differences that could be detected in the physical properties of CCF and catabolin were the apparent differences in molecular weight observed following gel chromatography (i.e., molecular weight of CCF is approximately 20-22 kD whereas catabolin eluted at 16-18 kD [Figures 2A and  B] ). The final isoelectric points of the two factors (CCF 5.2 and catabolin 4.8) were also quite similar to that reported for homogeneous leukocyte catabolin (pi 50) i 1 21.22 (pigUre 5) The molecular weight determinations do suggest that some heterogeneity may exist since the peak of catabolic activity broadens when both chromatofocused factors were mixed together and rechromatographed on Ultrogel AcA54. However, these observations do not differ markedly from the catabolic activities isolated from porcine synovium or peripheral blood mononuclear cells where Saklatvala and colleagues have demonstrated that leukocyte catabolin displays an apparent molecular weight of 21,000 daltons." [21] [22] [23] It is presently not possible to determine whether the differences reported here are real, suggesting variations in the amino acid sequences of the factors, or merely vagaries associated with the isolation and purification of these proteins. It is clear, however, that the physical properties of the two factors closely resemble one another. One aspect of the biology of these two factors that does apparently distinguish them is their response to various pharmacologic interventions. Recently, Dingle 13 has demonstrated that the nonsteroidal anti-inflammatory agent, benoxaprofen, markedly stimulated the production and secretion of synovial catabolin. Similar responses could not be elicited for cultured porcine or human heart valves' 316 even though glucocorticoids suppressed the production of catabolic activity from both tissues. Although the responses appear somewhat paradoxical, benoxaprofen may not directly affect the synthesis and secretion of catabolin. Since cellular cooperation appears to be a hallmark of connective tissue degradation mediated by soluble factors, 33 " 26 " 29 benoxaprofen could be modulating the production of catabolin through a second cell type that does not appear in the heart valve. One major structural difference that distinguishes the normal porcine valve is that it is primarily an avascular tissue composed principally of connective tissue fibroblasts covered by a thin endothelium. 3031 In contrast, the cellular populations of the synovium are far more complex, with an abundant vasculature, a variety of mononuclear cells, and at least, two groups of synoviocytes characterized thus far." In this tissue the opportunity of cell-cell interactions is almost unlimited when compared to those that might develop in the dense regular connective tissue fabric of the heart valve. If cell-cell cooperation is an essential aspect in the modulation of catabolic activity, then it is readily apparent that such interactions are more likely to transpire in synovium than in the mitral valve, for example. Therefore, it is not surprising that the former secretes significantly more catabolic activity than heart valves. Nevertheless, partial characterization of CCF clearly demonstrates that porcine valves cultured under conditions of serum deprivation produce a protein that, at its present stage of purification, exhibits many of the properties of synovial 89 and leukocyte catabolin." 2122 Our observations present substantial evidence which suggests that CCF represents another member in an ever growing family of catabolic factors that have recently been characterized from a variety of cells and tissues. 12 Monocytes and macrophages elaborate a factor that stimulates cultured fibroblasts and chondrocytes to synthesize and secrete collagenase, prostaglandin E,, [32] [33] [34] [35] [36] [37] plasminogen activator, 3839 and lysosomal enzymes, 39 all of which have been implicat- 1975±540 Chromatofocused CCF or catabolin was dialyzed against DMEM or RPMI and then supplemented with either anti-interleukin-1 antiserum or nonimmune rabbit serum. Culture media was pre-incubated for 18 hours in either a 1:200 dilution of nonimmune rabbit serum or in immune antiserum prepared against purified porcine interleukin-1 and diluted with either DMEM or RPMI medium. The media was then added to freshly isolated murine thymocytes and the assays were conducted as outlined above. Thymidine incorporation represents the mean CPMs ± SEM of triplicate experiments. ed as mediators of the breakdown of extracellular macromolecules. 4041 Another mononuclear cell factor has been reported by Jasin and Dingle 42 to markedly enhance the degradation of both cartilage proteoglycan and collagen. Similar catabolic activities have also been isolated in the media of cultured human synovial explants 94344 and human heart valves. 16 Since the majority of these factors mediate the activities enumerated above across species barriers and because, in several instances, it has not been possible to separate the mononuclear cell factors chromatographically or electrophoretically from interleukin 1Z 5 " 49 they may belong to a family of closely related proteins. This relationship is further substantiated by the results of our thymocyte proliferation assays. Both CCF and synovial catabolin evoked a 20-fold enhancement of tritiated thymidine incorporation into murine thymocyte DNA.
Since this response as well as glycosaminoglycan release" is blocked by a polyclonaJ antibody raised against porcine interleukin-1 n ( Table 2) , CCF and synovial catabolin are most likely identical or closely related members of the porcine interleukin-1 family. The biologic role of CCF in the maintenance of valve integrity under normal or pathological circum-stances is presently difficult to assess. However, we envisage that the appearance of streptococcal antigens associated with acute rheumatic heart disease or bacterial endocarditis may promote an inflammatory 'response within the diseased valve 50 that is accompanied by the production of CCF. The release of this catabolic factor may, in turn, stimulate valvular fibroblasts to secrete proteolytic enzymes, provoking mitral valve damage. In this regard, Hamilton's laboratory" has reported that group A streptococcal peptidoglycans stimulate mononuclear cells to secrete a factor that induces synovial fibroblasts to produce plasminogen activator. Other bacterial lipopolysaccharides have also been implicated in this pathway. 35 ' 52 These observations support the notion that cell-cell interactions in the diseased mitral valve may represent an important element in the evolution of valve damage and that soluble catabolic factors like CCF may be involved.
